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We solve (3+l)-dimensional ideal hydrodynamical equations with source terms that describe 
punch-through and fully stopped jets in order to compare their final away-side angular correlations 
in a static medium. For fully stopped jets, the backreaction of the medium is described by a simple 
Bethe-Bloch-like model which leads to an explosive burst of energy and momentum (Bragg peak) 
close to the end of the jet's evolution through the medium. Surprisingly enough, we find that the 
medium's response and the corresponding away-side angular correlations are largely insensitive to 
whether the jet punches through or stops inside the medium. This result is also independent of 
whether momentum deposition is longitudinal (as generally occurs in pQCD energy loss models) or 
transverse (as the Bethe-Bloch formula implies). The existence of the diffusion wake is therefore 
shown to be universal to all scenarios where momentum as well as energy is deposited into the 
medium, which can readily be understood in ideal hydrodynamics through vorticity conservation. 
The particle yield coming from the strong forward moving diffusion wake that is formed in the 
wake of both punch-through and stopped jets largely overwhelms their weak Mach cone signal after 
freeze-out. 
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I. INTRODUCTION 

One of the major discoveries found at the Relativis- 
tic Heavy Ion Collider (RHIC) was the suppression of 
highly energetic particles in central A-l-A collisions 0, j2| . 
Jets are assumed to be created in the early stage of 
a heavy-ion collision where they interact with the hot 
and dense nuclear matter and serve as a hard probe for 
the created medium 0, i, i, i, 0, i, i, E, [HI, [II- 
Two- and three-particle correlations of intermediate-p_L 
particles provide an important test of the medium re- 
sponse to the details of the jet quenching dynamics and 
they show a re-appearance of a broad or double-peaked 
structure in the away-side of jet angular correlations 

The observation of strong elliptic flow in non-central 
Au-f Au collisions consistent with fluid dynamical predic- 
tions [l^, [2^ suggests that a thermalized medium that 
evolves hydrodynamically is created in these collisions. 
Moreover, since the average momentum of particles emit- 
ted on the away-side approaches the value of the thermal- 
ized medium with decreasing impact parameter [l5| , the 
energy lost by the jet should quickly thermalize. Thus, 
the disturbance caused by the jet may also be described 
hydrodynamically. 

Recent interest in Mach-like conical di-jet correlations 
is based on suggestions [2l|,[23,[2i,[2l,|2i,[2l| that a mea- 
surement of the dependence on the cone angle associated 
with a supersonic jet moving with velocity v could pro- 
vide via Mach's law (coS(/)m = Cs/v) a constraint on the 
average speed of sound in the strongly coupled Quark- 
Gluon Plasma (sQGP) [13, HI]. For a quantitative com- 
parison to RHIC data, a detailed model of both energy 
and momentum deposition coupled to a relativistic fluid 



model is needed [2J, l26|, l29|, 130, IM |32, |33|, IM, l35l . 

In general, supersonic probes that shoot through a 
fluid can deposit energy and momentum in the medium 
in such a way that collective excitations such as Mach 
cones and diffusion wakes are formed [1^. These struc- 
tures have indeed been found [13, [ll] in the wake of a 
supersonic heavy quark that travels through an A/" = 
4 Supersymmetric Yang-Mills (SYM) thermal plasma 
[sol . |40| . [iH . The validity of a hydrodynamic description 
of the supersonic heavy quark wake was studied in Refs. 
[12, [H, [3, [H, [ill in the framework of the Anti-de Sit- 
ter/Conformal Field Theory correspondence (AdS/CFT) 
pTl l4a | . The angular correlations created by heavy quark 
jets in AdS/CFT have recently been computed in Ref. 
49, i)0,^] and compared [l^ to the results obtained by a 
punch-through heavy quark jet described by the Neufeld 
et. al. [ssl . [54 . [ssj chromo- viscous hydrodynamic model, 
which is formulated within perturbative quantum chro- 
modynamics (pQCD). 

In general, a fast moving parton (which could be a light 
quark/gluon or a heavy quark) will lose a certain amount 
of its energy and momentum along its path through the 
medium and then decelerate. Thus, the fate of the parton 
jet strongly depends on its initial energy: if the parton 
has enough energy it can punch through the medium and 
fragment in the vacuum (punch-through jet) or it can be 
severely quenched until it becomes part of the thermal 
bath (stopped jet). Of course, the amount of initial en- 
ergy required for the parton to punch through depends 
on the properties of the medium (a very large energy 
loss per unit length dE/dx means that most of the jets 
will be quenched while only a few would have enough 
energy to leave the plasma). In this paper we solve the 
(3+l)-dimensional ideal hydrodynamical equations (56j 



2 



Tn = 200 MeV, v=0.999 (a) 





FIG. 1: (Color online) Temperature pattern and flow ve- 
locity profile (arrows) after a hydrodynamical evolution of 
t = 4.5/i)jet fm, assuming (a) an energy loss rate of dE/dt — 
1.5 GeV/fm for a vanishing momentum loss rate and (b) 
an energy and momentum loss rate of dE/dt = dM/dt — 
1.5 GeV/fm for a punch-through jet moving with a constant 
velocity of wjct ~ 0.999 along the a;-axis through a static back- 
ground plasma with temperature To = 200 MeV. The jet is 
sitting at the origin of the coordinates at the time of freeze- 
out. 



with source terms that describe the two scenarios in or- 
der to compare the final away-side angular correlations 
produced by a punch-through and a fully stopped jet in 
a static medium with background temperature Tq. We 
would like to point out that the wake formed by fully 
stopped jets has not yet been studied using hydrody- 
namics. 

For simplicity, our medium is a gas of massless SU (3) 
gluons in which p = e/3, where p and e are the pres- 
sure and the energy density, respectively. An isochronous 
Cooper-Frye (CF) [s^l freeze-out procedure is employed 
in order to obtain the angular distribution of particles 
associated with the away-side jet. We use a simplified 
Bethe-Bloch model [s^ to show that the explosive burst 
of energy and momentum [known as the Bragg peak 
[59I . [60l . [6ll . [6^ ] deposited by a fully quenched jet im- 
mediately before it thermalizes does not stop the dif- 
fusion wake and, thus, no new structures in the away- 
side of angular correlation functions can be found. This 
explosive release of energy before complete stopping is 
a general phenomenon that has been employed, for in- 
stance, in a ppli cations of particle beams for cancer ther- 
apy PHll. 

This paper is organized as follows. In Sec. |TT] we 



FIG. 2: (Color online) The left panels show the normalized 
angular distribution created by a punch-through jet at mid- 
rapidity with a fixed energy loss of dE/dt = 1.5 GeV/fm 
and different momentum loss rates. The jet moves at a con- 
stant velocity Vjct = 0.999 through the medium. The right 
panels show the angular distributions associated with jets 
where dE/dt — 1.5 GeV/fm and vanishing momentum loss 
{dM/dt — 0). Here, the jets move with different veloci- 
ties through the medium: njct ~ 0.999 (black), ujot ~ 0.75 
(blue), and Vjct = 0.58 (magenta). In the upper panels, an 
isochronous Cooper-Frye freeze-out at p_L = 5 GeV is used 
while in the lower panels we employed the bulk flow freeze- 
out procedure [H^] . The arrows indicate the angle of the Mach 
cone as computed via Mach's law. 

describe how a jet deposits energy and momentum in 
(3-fl)-dimcnsional hydrodynamics and how we extract 
observablcs for the Mach cone created by the away-side 
jet. In Sec. Illll we present our results for punch-through, 
and in Sec. IIVI for completely stopped jets. A summary 
concludes this paper in Sec. fVl 

We use natural units and the Minkowski metric = 
diag(-|-, — , — , — ). Lorentz indices are denoted with Greek 
letters /i, = 0, . . . , 3. In our system of coordinates, the 
beam axis is aligned with the z-direction and the as- 
sociated jet moves along the x-direction with velocity 
V — vi,. 



II. JETS IN IDEAL HYDRODYNAMICS 

Energetic back-to-back jets produced in the early 
stages of a heavy-ion collision transverse to the beam 
axis can travel through the sQGP and deposit energy 
and momentum along their path in a way that depends 
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on the physics behind the interaction between the jet and 
the underlying medium. In the case where one of the jets 
is produced near the surface (trigger jet), the other su- 
personic away-side jet moves through the medium and 
excites a Mach wave as weh as a diffusion wake. The 
resulting angular correlation with respect to the away- 
side jet axis is then expected to lead to an enhancement 
of associated hadrons at the characteristic Mach angle 

In ideal hydrodynamics, the energy-momentum tensor 



T'"' = (e + p)u^'u'' - 



is locally conserved, i.e., 



a^T^" = , 



(1) 



(2) 



where = 7(1, -iT) is the flow 4-velocity and 7 = 
(1 — ir^)^^/^. We take the net baryon density to be iden- 
tically zero in this study. Here, we only consider a static 
medium. More realistic initial conditions involving an 
expanding medium will be considered in a further study. 

Once the jet is included in the system the conservation 
equations change. We assume that the energy lost by the 
jet thermalizes and gives rise to a source term S'^ in the 
energy-momentum conservation equations 



(3) 



Thus, one has to solve Eq. ([3]) numerically in order to 
determine the time evolution of the medium which was 
disturbed by the moving jet. The source term that cor- 
rectly depicts the interaction of the jet with the sQGP 
is unknown from first principles, although recent calcula- 
tions in AdS/CFT [42,|4l,|4| and pQCD H have shed 
some light on this problem. While pQCD is certainly the 
correct description in the hard-momentum region where 
jets are produced {Q 3> Tq), in the soft part of the process 
(Q ~ Tq) non-perturbative effects may become relevant. 

In this paper, we omit the near-side correlations associ- 
ated with the trigger jet and assume that the away-side 
jet travels through the medium according to a source 
term that depends on the jet velocity profile which shall 
be discussed below for the case of punch-through and 
stopped jets. 

The away-side jet is implemented in the beginning of 
the hydrodynamical evolution at a; = —4.5 fm, and its 
motion is followed until it reaches x — 0. For a jet 
moving with a constant velocity Vjct this happens at 
tf = 4.5/wjct fni. 

We use two different methods to obtain the away-side 
angular correlations. In the CF method [H^l, the fluid ve- 
locity u^{tf,x) and temperature T(tf,x) fields are con- 
verted into free particles at a freeze-out surface S at con- 
stant time tf. In principle, one has to ensure that energy 
and momentum are conserved during the freeze-out pro- 
cedure [6^. However, the associated corrections are zero 
if the equation of state is the same before and after the 
freeze-out, as it is assumed in the present study. In this 



case, the momentum distribution for associated (mass- 
less) particles p^^ — {p±,p± cos(7r — (j)),p± sin(7r — (j))) at 
mid-rapidity y = is computed via 



p±dp±dyd(f) 



y=o 



dS^pq/o(7/^P^T)-/e,] . (4) 



Here, is the azimuthal angle between the emitted par- 
ticle and the trigger, p± is the transverse momentum, 
/o = exp[— M^(t, af)p^/T(t, af)] the local Boltzmann equi- 
librium distribution, and feq = /|u('=o,t=To denotes the 
isotropic background yield. We checked that our results 
do not change significantly if we use a Bose-Einstein dis- 
tribution instead of the Boltzmann distribution. The 
background tem pera ture is set to Tq = 0.2 GeV. Fol- 
lowing Refs. psi. l26l. [3^. Isojl . we perform an isochronous 
freeze-out where dE'' = d^ x (1, 0, 0, 0) and define the an- 
gular function 



CFi4>) 



1 



diVass(0) 



N„iax p±dp±dydcj) 



y=o 



(5) 



where the constant Nmax is used to normalize the plots. 
We would like to remark that in the associated p±- 
range of interest a coalescence/recombination hadroniza- 
tion scenario [H^, [H, [H, [tO, [iH may be more appro- 
priate than CF freeze-out. However, we expect that the 
main features of the away-side angular correlations ob- 
tained using CF hadronization arc robust enough to sur- 
vive other hadronization schemes. 

The other freeze-out prescription (called bulk flow 
freeze-out) used in the present paper was introduced in 
Ref. (5^ . The main assumption behind the bulk flow 
freeze-out is that all the particles inside a given small 
sub-volume of the fluid will be emitted in the same di- 
rection as the average local energy flow 



= / d^x £{x) 5[(j)- $(x)] 6[y- Y{x)] . (6) 



d£ 
d(/)dy 

Here, (j) is again the azimuthal angle between the de- 
tected particle and the trigger jet and y is the parti- 
cle rapidity. Only the y = yield is considered. The 
cells are selected according to their local azimuthal an- 
gle $(x) = a,TCtaii[Vy{x)/Vx{x)] and rapidity Y{x) — 
Artanh[Pz{x) /£{x)]. The local momentum density of 
the ceU is rO*(f) = 'P^ix), while its local energy density 
in the lab frame is £{x) = r™(a;). The (5-functions are 
implemented using a Gaussian representation as in Ref. 
[52| . Due to energy and momentum conservation, this 
quantity should be conserved after freeze-out. Note that 
Eq. ^ is not restricted to a certain p± and does not in- 
clude the thermal smearing that is always present in the 
CF freeze-out. 



III. PUNCH-THROUGH JETS 

In this section we consider a jet moving with a uniform 
velocity Vjet = 0.999 through the medium. The source 



4 



term is given by 



ctr 



4tW 



(7) 



where r/ — Ti denotes the proper time interval asso- 
ciated with the jet evolution. We further assume a 
constant energy and momentum loss rate dJW^/dT = 
{dE/dr, dM/dr) along the trajectory of the jet x'^^^{t) — 
Xq + u^et'''- non-covariant notation, this source term 
has the form 



S''{t,x) 



(V2^cr)3 



cxp 



dE dM 



(8) 



where Xjct describes the location of the jet, x is the posi- 
tion on the computational grid, and a = 0.3. The system 
plasma-|-jet evolves according to Eq. ^ until the freeze- 
out time tf = 4.5/wjct fm is reached. 

The temperature and flow velocity profiles created by 
a punch-through jet with a constant energy loss rate of 
dE/dt = 1.5 GeV/fm and vanishing momentum deposi- 
tion are shown in Fig. [T] (a). In Fig. [T] (b) the jet has 
lost the same amount of energy and momentum and in 
this case one can clearly see that the space-time region 
close to the jet, where the temperature disturbance is 
the largest, is bigger than in the pure energy deposition 
scenario. The creation of a diffusion wake behind the jet 
in the case of equal energy and momentum deposition 
is clearly visible, which is indicated by the strong flow 
observed in the forward direction (at (p = it). 

Note in Fig. [2] (a) that for the punch- through jet depo- 
sition scenario with equal energy and momentum loss one 
always obtains a peak in the associated jet direction af- 
ter performing the freeze-out using the two prescriptions 
described in Sec. |TT1 However, the energy flow distribu- 
tion in Fig. [2] (b) displays an additional small peak at 
the Mach cone angle indicated by the arrow. This Mach 
signal cannot be seen in the C oop er-Frye freeze-out be- 
cause of thermal smearing [2^, [sj HO, 113] and the strong 
influence of the diffusion wake, which leads to the strong 
peak around (/> ~ tt in the bulk energy flow distribution. 

However, given that the exact form of the source term 
in the sQGP is unknown, one may want to explore other 
energy-momentum deposition scenarios where the jet 
deposits more energy than momentum along its path. 
While this may seem unlikely, such a situation cannot 
be ruled out. Thus, for the sake of completeness, we 
additionally consider in Fig. O (a) the case where the 
jet source term is described by a fixed energy loss of 
dE/dt — 1.5 GeV/fm and different momentum loss rates. 
In the bulk flow distribution in Fig.[2](b), one can see that 
the peak at the Mach cone angle is more pronounced for 
smaller momentum loss while the contribution of the dif- 
fusion wake (indicated by the peak in forward direction) 
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FIG. 3: (Color online) Left panel: Temperature pattern and 
flow velocity profile (arrows) after a hydrodynamical evolu- 
tion of t = 4.5/ujct fni, assuming an energy loss rate of 
dE/dt = dM/dt = 1.5 GeV/fm for (a) full transverse momen- 
tum deposition and (b) longitudinal as well as transverse mo- 
mentum deposition with a ratio of dML/dt — 0.25 dMr/dt. 
Right panel: The normalized angular distribution created 
by a punch-through jet at mid-rapidity for the two above 
mentioned transverse momentum deposition scenarios. In 
the upper panel, an isochronous Cooper-Frye freeze-out at 
p± = 5 GeV is used while in the lower panel the bulk fiow 
freeze-out procedure [l^l is employed. The arrows indicate 
the ideal Mach cone angle. 



is reduced. The associated particle distribution from the 
CF freeze-out in Fig. [2] (a) reveals a peak at (p it for 
pure energy deposition (solid black line), however, the 
opening angle is shifted to a value smaller than the Mach 
cone angle due to thermal smearing [s^ . 

In Figs. (c,d) we consider dM/dt — jets that 
move through the medium with different velocities f jot = 
0.999, 0.75, and 0.58. Note in Fig.[2](d) that the peak po- 
sition changes in the bulk flow distribution according to 
the expected Mach cone angles (indicated by the arrows). 
However, due to the strong bow shock created by a jet 
moving at a slightly supersonic velocity of fjot = 0.58, 
there is a strong contribution in the forward direction in 
this case and the peak position is shifted from the ex- 
pected value. In the CF freeze-out shown in Fig. [5] (c), 
the peak from the Mach cone can again be seen for the 
jet moving nearly at the speed of Hght (t;jct = 0.999), but 
for slower jets thermal smearing again leads to a broad 
distribution peaked in the direction of the associated jet. 

It is apparently surprising that the above mentioned 
results are independent of whether the momentum de- 
posited by the particle is in the longitudinal (along the 
motion of the jet) or transversal (perpendicular) direc- 
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tion. Repeating the calculation shown in Fig. [T] including 
transverse momentum deposition 



S'^(t, x) oc 



dE/dt 
dML/dt 
{dMr /dt) cos (f 
{dMr/dt) sin ip 



(9) 



where ip is the latitude angle in the y — z plane with re- 
spect to the jet motion and the magnitude of S'^(t,x) is 
the same as Eq. ([7]), shows that transverse momentum 
deposition will not alter the results presented in this sec- 
tion (see Fig. [3]) . A longitudinal diffusion wake still forms 
during the fluid evolution stage, and its contribution will 
still dominate the resulting angular inter-particle corre- 
lations though a peak occurs around the expected Mach 
cone angle in the CF freeze-out. 

The reason is that transverse momentum deposition 
will force the fluid around the jet to expand, and the 
empty space left will create a shock wave in the longitu- 
dinal direction that behaves much like a diffusion wake. 
In terms of ideal hydrodynamics, this universality of the 
diffusion wake can be understood in the context of vor- 
ticity conservation since momentum deposition, whether 
transverse or longitudinal, will add vorticity to the sys- 
tem. This vorticity will always end up behaving as a 
diffusion wake [t^. In the next section, we demonstrate 
that these results are largely independent of whether the 
jet is fully quenched or survives as a hard trigger. 



IV. STOPPED JETS 

In the previous section we considered a uniformly mov- 
ing jet that deposited energy and/or momentiun in the 
medium at a constant rate. However, due to its inter- 
action with the plasma, the jet will decelerate and its 
energy and/or momentum loss will change. Thus, the de- 
celeration roughly represents the response of the medium. 
In general, a decelerating jet should have a peak in the 
energy loss rate because the interaction cross section in- 
creases as the parton's energy decreases. In other words, 
when the particle's velocity goes to zero there appears a 
peak in dE/dx known as the Bragg peak [s^. The ques- 
tion to be considered in this section is whether this en- 
ergy deposition scenario might be able to somehow stop 
the diffusion wake and, thus, change the angular distri- 
butions shown in Fig. [51 The source term in this case is 
still given by Eq. ® and, according to the Bethe-Bloch 
formalism [591, [60, ImI, Isd , one assumes that 



dE{t) 
dt 



1 



(10) 



which shows that when the jet decelerates the energy 
loss rate increases and has a peak as wjct — > 0. Note that 
here dE/dt is the energy lost by the jet, which is the 
negative of the energy given to the plasma. Using this 
ansatz for the velocity dependence of the energy loss rate 
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FIG. 4: (Color online) The jet velocity Vjat{t) (solid black 
line) and energy deposition rate dE{t)/dt (dashed blue line) 
according to Eq. (I12[) . The initial jet velocity and energy loss 
rate are Vjet ~ 0.999 and a ~ —1.3607 GeV/fm, respectively. 



and the identities dE/dt = Vj^t dM/dt and dM/dy-^cx — 
TOCOshyjot (as well as wjct = tanhyjct), one can rewrite 
Eq. (Uni) as 



i(2/jct) = — [sinh j/jct - sinh yo 



1 



cosh 



cosh 2/0 



(11) 



where j/o is the jet's initial rapidity. The equation 
above can be used to determine the time-dependent ve- 
locity t;jot(i). The initial velocity is taken to be = 
Artanhj/o — 0.999. The mass of the moving parton is 
taken to be of the order of the constituent quark mass 
TO = 0.3 GeV. Moreover, the initial energy loss rate 
a ~ —1.3607 GeV/fm is determined by imposing that the 
jet stops after Ax = 4.5 fm (as in the previous section for 
a jet with v^et = 0.999). Thus, the jet location as well as 
the energy and momentum deposition can be calculated 
function of time via the following equations 



Xjct(t) 

dE 
'dt 



Xjet(O) + ^ [(2 

1 dM 

v\o± dt V. 



)7jot - (2 - Wo)7o] 



1 

jet 



(12) 



which can be used to determine the corresponding source 
term for the energy-momentum conservation equations. 
The change of the jet velocity Wjet(i) and energy deposi- 
tion dE{t)/dt are displayed in Fig.[3| The strong increase 
of energy deposition shortly before the jet is completely 
stopped corresponds to the well-known Bragg peak (59j . 

The main difference between the ansatz described here 
and the Bethe-Bloch equation is that the momentum de- 
position is longitudinal (parallel to the motion of the 
jet) rather than transverse (perpendicular to the mo- 
tion of the jet). According to most pQCD calcula- 
tions, this is true in the limit of an infinite energy jet 
i, i, i, B 0, i, i, [M HH, [3 , but it is expected to break 
down in the vicinity of the Bragg peak where the jet en- 
ergy is comparable to the energy of a thermal particle. 
However, as we demonstrated in the previous section, the 
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FIG. 5: (Color online) Temperature pattern and flow velocity profile (arrows) after a hydrodynamical evolution of t = 4.5 fm 
(left panel), t = 6.5 fm (middle panel) and t — 8.5 fm (right panel) for a jet that decelerates according to the Bethe-Bloch 
formula and stops after Ax = 4.5 fm. The jet's initial velocity is Vjct ~ 0.999. In the upper panel a vanishing momentum loss 
rate is assumed while in the lower panel the momentum loss is related to the energy loss by Eq. (I12|l . 



freeze-out phenomenology is rather insensitive to whether 
the momentum deposition is transverse or longitudinal. 

Fig. [5] displays the temperature and flow velocity pro- 
files of a jet that stops after Aa; = 4.5 fm, with an en- 
ergy loss according to Eq. pop and vanishing momentum 
deposition (upper panel) as well as an energy and mo- 
mentum deposition following Eq. (jl2p (lower panel). In 
the left panel the medium decouples immediately after 
i = 4.5 fm when the jet is stopped while in the middle and 
right panel the decoupling takes place after t = 6.5 fm 
and t = 8.5 fm, respectively. 

Comparing this result to Fig. [1] leads to the conclusion 
that the diffusion wake is present independent of whether 
the jet is quenched or survives until freeze-out. In the 
former case, however, the diffusion wake is only weakly 
sensitive to the duration of the subsequent evolution of 
the system. 

Within ideal hydrodynamics this can be understood 
via vorticity conservation. The vorticity-dominated dif- 
fusion wake will always be there in the ideal fluid, 
whether the source of vorticity has been quenched or not. 
The only way this vorticity can disappear is via viscous 
dissipation. While a (3-|-l)-dimensional viscous hydro- 
dynamic calculation is needed to quantify the effects of 
this dissipation, linearized hydrodynamics predicts that 



both Mach cones and diffusion wakes are similarly af- 
fected 23, 26, 36]. 

The angular distribution associated with the deceler- 
ating jet (which stops after Aa; = 4.5 fm), shown in Fig. 
[HI is determined according to the two freeze-out prescrip- 
tions described in Sec. |TT1 When the energy and momen- 
tum loss rates are determined by Eq. (magenta line) , 
both freeze-out procedures display a feature discussed in 
the previous section for the case of punch-through jets: 
the formation of a strong diffusion wake which leads to 
a strong peak in the associated jet direction. The re- 
sults after the isochronous CF freeze-out are shown in 
the upper panel of Fig. [51 As in Fig. O the medium 
decouples after t — 4.5 fm (left panel), t — 6.5 fm (mid- 
dle panel) and t = 8.5 fm (right panel). Only the pure 
energy deposition scenario produces a peak at an angle 
close to the Mach angle [see Fig. [5] (a)] which is smeared 
out thermally for larger decoupling times [cf. Fig. [6] (b) 
and (c)]. On the other hand, the bulk energy flow freeze- 
out displayed (lower panel) shows in all cases a peak at 
the Mach cone angle. Note that in this case the peak 
becomes more pronounced when dM/dt = 0. While the 
Mach cone signal increases with the decay time, the sig- 
nal is still smaller than the forward yield of the diffusion 
wake. 
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FIG. 6: (Color online) The normalized angular distribution generated by a decelerating jet (cf. also Fig. O at mid-rapidity is 
shown (upper panel) according to an isochronous Cooper-Frye freeze-out at px = 5 GeV for a jet that stops after Aa: = 4.5 fm 
and a hydrodynamical evolution of i = 4.5 fm (left panel), t = 6.5 fm (middle panel) and t = 8.5 fm (right panel). The 
corresponding bulk flow pattern [H^] is shown in the lower panel. The solid black line in all plots depicts the pure energy 
deposition case while the dashed magenta line corresponds to the energy and momentum deposition scenario given by Eq. 
(|12[1 . The arrows indicate the angle of the Mach cone as computed via Mach's law. The inserts repeat Fig. [2] (a) and (b) for 
comparison. 



V. SUMMARY 

In this paper we compared the away-side angular cor- 
relations at mid-rapidity associated with uniformly mov- 
ing jets and also decelerating jets in a static medium. In 
general, a fast moving parton will lose a certain amount 
of its energy and momentum along its path through the 
medium and thus decelerate. Therefore, depending on its 
energy the jet will either punch through the medium and 
fragment in the vacuum or it will be severely quenched 
until it cannot be distinguished from the other thermal 
partons in the plasma. 

Our results confirm previous studies [H, [H, [sl] where 
a similar source term [see Eq. ([T])] was used to show that 
the diffusion wake created by these jets leads to a sin- 
gle peak in the away-side of the associated di-hadron 
correlations that overwhelms the weak Mach signal af- 
ter isochronous CF freeze-out unless the total amount of 
momentum loss experienced by the jet is much smaller 
than the corresponding energy loss. However, according 
to the bulk energy flow the peak always occurs at the 
expected Mach cone angle but the diffusion wake still 
leads to a large peak in the associated jet direction when 
dM/dt ^ (see Fig.^]). 



The same features also appear when different jet ve- 
locities are considered. In the bulk energy flow distribu- 
tion the peaks occur nearly at about the expected Mach 
cone angles (for slow velocities they are shifted due to 
the creation of a bow shock), but in the CF freeze-out 
distribution these peaks only occur at large jet velocities 
(see Fig. [5]). This result is consistent with the angular 
correlations obtained for a punch-through heavy quark 
jet I52| described by the Neufeld et. al. pQCD source 
terin]5l [11,111. 

The diffusion wake created behind the jet dominates 
the freeze-out distribution for a jet moving through a 
static medium, even in case of large transverse momen- 
tum deposition (see Fig. [3]) and independent of whether 
the jet has enough energy to punch through (see Fig. [T]) 
the medium or not (Fig. [5]). Assuming that the jet decel- 
erates according to the Bethe-Bloch formalism, see Eq. 
(fTU| , we checked whether the large amount of energy de- 
posited around the stopping point (the well-known Bragg 
peak) can block the diffusion wake and thus alter the an- 
gular correlations. However, our results show that no 
significant differences occur between the away-side angu- 
lar correlations associated with punch-through jets and 
decelerating jets described within the Bethe-Bloch model 
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(compare Fig. [2] and Fig. [6]). Clearly, it would be inter- 
esting to study other models that describe decelerating 
jets in strongly-coupled plasmas. However, the simple 
Bethe-Bloch model used here displays the main qualita- 
tive features relevant for the hydrodynamic wake associ- 
ated with decelerating jets. The path lengths of both 
types of jets were taken to be the same. A different 
scenario in which the light jets are almost immediately 
stopped in the medium while the heavy quark jets are 
still able to punch through may lead to different angular 
correlations. Such an analysis is left for a future study. 

We would like to underline that the formation of a 
diffusion wake that trails the supersonic jet is a generic 
phenomenon [sHi and, thus, its phenomenological conse- 
quences must be investigated and not simply neglected. 
Our results indicate that the diffusion wake is univer- 
sal to all scenarios where momentum as well as energy 
is deposited to the medium, independent of whether the 
jet stops or is quenched. However, one can expect that 
the strong forward moving column of fluid represented 
by the diffusion wake can be considerably distorted in 
an expanding medium by the presence of a large radial 
flow. The interplay between radial flow and away-side 



conical correlations in an expanding three-dimensional 
ideal fluid with a realistic equation of state [73] compat- 
ible with current lattice results [t^ is currently under 
investigation. 
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